The spin polarization of electrons photoemitted from (110) GaAs by irradiating with circularly polarized light of energy 1.5 & heu & 3.6 eU was measured by Mott scattering. The GaAs surface was treated with cesium and oxygen to obtain a negative electron af6nity (NEA), The spectrum of spin polarization P(hem) exhibits a peak (P = 40%) at threshold arising from transitions at I, and positive (P = 8%) and negative (P = -8%) peaks at 3.0 and 3.2 eV, respectively, arising from transitions at L (A). Anomalous behavior, consisting of a depolarization at threshold and an increase and shift in the peak polarization to 54% at 1.7 eV, is attributed to a small positive electron a%nity (PEA) characteristic of some samples. Restriction of the photoelectron emission angle by the PEA leads directly to the anomalously high P. Results of calculations show that P cannot be increased above 50% for emission arising from transitions at I in NEA GaAs. Our detailed interpretation of the spectra indicates how spin-polarized photoemission can be used to study the spindependent aspects of electronic structure. The outstanding qualities of NEA GaAs as a source of spinpolarized electrons are discussed and compared with other sources.
I. INTRODUCTION In recent years, spin-polarized photoemission measurements have proven to be very valuable in studying magnetically ordered materials. ' In this paper we present an in-depth discussion of the first measurements of spin-polarized photoelectrons from a semiconductor which is not magnetically ordered. We have previously given brief reports of our measurements of GaAs which show (i) the value of spin-polarized photoemission as a probe of the spin-dependent electronic structure of a nonmagnetic material' and (ii) the potential of negative-electron-affinity (NEA) GaAs as a source of spin-polarized electrons. ' An overview of the principles of spin-polarized photoemission measurements of nonmagnetic materials is given in Sec. II. Basic symmetry considerations provide a framework for comparing polarized photoemission measurements from materials with and without magnetic order. The spin polarization is created in the nonmagnetic material in the optical excitation process as a result of the selection rules for transitions produced by circularly polarized light. By appropriate surface treatment, the vacuum level of GaAs can be lowered so that even electrons at the conduction-band minimum can be emitted. The polarization of the photoemitted electrons may be less than that calculated from the selection rules if there is spin relaxation during the emission process. The experimental procedures specific to the results of this work are discussed in Sec. III.
In Sec. IV we discuss the measured photoelectric yield and the spectrum of spin polarization P(h&o). Spectra of spin polarization from nonmagnetic materials exhibit structure due to the spin-orbit splitting of the electron energy bands. The spectrum from GaAs can be understood in detail in terms of the band structure of GaAs, which is well known. From this example, we see the kind of new information we could obtain from a less well known material. For GaAs, we find a high P of 40% at threshold, S&o-1.5 eV, due to transitions at 1 . P decreases for excitations away from k = 0 at slightly higher S~owing to the changing of the wave functions, particularly for electrons in the light-hole band. As the photon energy is increased above the onset of emission from the spin-orbit split-off band, P gradually decreases to zero.
Two anomalous spectra exhibited a low polarization at threshold, a shift in the position of the maximum P to A~= 1.7 eV, and an increase in the maximum P to 54%. These phenomena can be explained by assuming that a small positive electron affinity (PEA) was obtained for these samples. We show that when the emission of the electrons is confined to a cone about the surface normal and light direction, as in the case of a PEA surface, a polarization greater than the NEA theoretical maximum of 50%%uo is possible. The calculation also shows that the maximum P to be expected from an NEA surface if 50% even if it were possible to isolate transitions from the heavy-hole band.
Transitions of [111jsymmetry (L, A) give rise to a positive and negative peak each with P8%%uo at S~= 3.0 and 3.2 eV, respectively. The difference between the shape of structure in the spectrum due to these transitions and those at I' is explained by the relatively parallel energy bands near L (A where N4(Nf) are the numbers of electron magnetic moments parallel (anti parallel) to a preferred direction.
The spin, like an angular momentum L= r &&p, is an axial vector which does not change sign under a parity operation (x --x, y --y, z --z (2) where 11 = k && k'/I k x k' I is an axial vector as re- The total number of excited electrons N also decreases as the electrons are photoemitted or recombined:
The decay time~of the magnetization M, The spectrum P(K(d} measured on a sample at temperature T «10K is shown in Fig. 6 . The rectangular fields represent the uncertainty in the measured points. The polarization has a maximum of 40%%uo at threshold, in agreement with luminescence measurements of Ekimov and Safarov. '4 This agreement is not unexpected, because for a For h+&E~+~, the polarization decreases to zero as emission from the split-off valence band with P = -100%%ua is mixed in. In a first approximation of parabolic bands and matrix elements independent of k, the excitation probability N) ((d) Table I . In the region around k= 0 they depend on k and can be calculated using the approximations given by Kane [Eqs. (12}and (15) 
where the minus sign appears because we defined P in Eq. (1) (17) where the photocurrent from the ith valence band I,~w, (ra}T,(ur) [111] axis. The structure in our spectra is due to transitions from L~(A4) and L, (A,) to L, (A,) , labeled C in Fig. 10 , which occur with equal probability but go to the opposite spin state from transitions L, (A, ) to L, (A, ), labeled D in Fig. 10 I. , (A, ) L4 Ls (A4, s) I, (A,) &Is»+ aIz~& A (si&+a(z» (20) where E~and E"are the energies of the L minimum and the vacuum level, respectively. " For a (110) crystal surface, as in our experiment, only transitions from initial states K -G with G», and Qyg'j give rise to direct emission according to Eq. (20) . In our experimental configuration, where the angular momentum of the light is along the [110] direction, the polarization expected as a result of emission along G", and G"-, is P -35@. Davisson and Germer" in 1929 (contrary to their own conclusion" ) and has been used to produce polarized electrons with energies from -100 eV to -100 keV. The most recent measurements" of low-energy scattering were from a W single crystal (8 in Table III}. While not yet explored as a source, it appears promising. The difficulty in reversing the polarization may be overcome by varying the electron energy (P changes rapidly with energy).
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From our discussion of the best existing polarized-electron sources, we see the NEA GaAs combines simplicity with high efficiency. The applications of such a source are numerous. In highenergy physics, one of the most exciting experi- 
